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Autoregulation and tubuloglomerular feedback in normotensive
and hypertensive rats. Experiments were performed in control rats
and rats with renovascular hypertension to test the hypothesis that
adjustments of renal vascular resistance to acute changes of blood
pressure (BP) are mediated through an intrarenal feedback control
system. In control rats, a change in mean BP from 133 2 to 117
I (sEM) mm Hg was associated with constancy of kidney gb-
merular filtration rate (GFR), 1.00 0.08 vs. 0.95 + 0.04
ml/min.g of kidney wt), and constancy of distally measured neph-
ron GFR, 28.0 + 2.0 vs. 29.1 + 2.5 nI/mm. In contrast, proximally
measured nephron GFR fell significantly from 39.4 + 3.3 to 32.9
3.2 nI/mm, suggesting that autoregulatory adjustments require
maintained distal fluid delivery. In rats with renovascular hyper-
tension, the kidney GFR of the contralateral non-clipped kidney
fell from 0.99 + 0.06 to 0.57 0.05 and 0.34 0.06 ml/min.g
when BP was reduced by aortic clamping from 194 2 to 149 2
and 127 2 mm Hg. The proximally determined nephron GFR
fell from 57.2 + 3.1 to 40.0 1.7 and 28.3 1.8 nI/mm, while that
measured distally decreased from 53.0 3.6 to 40.3 + 2.4 and 27.4
+ 1.9 nI/mm. Tubuloglomerular feedback was markedly attenu-
ated: the early proximal flow rate fell by only 9.6 + 2.9% when the
microperfusion flow rate in the loop of Henle was raised from 0 to
45 nI/mm. Juxtaglomerular renin activity was greatly reduced with
a mean of 2.9 + 0.9 ng of angiotensin 11/0.1 ml.hr.5 glomeruli.
After acute removal of the clip, autoregulation was studied in the
previously clipped kidney at a mean BP of 158 6 mm Hg and
after pressure reduction to 114 + 2 mm Hg by aortic clamping. The
kidney GFR averaged 1.18 0.30 and 1.06 0.40 ml/min.g,
while the distally measured nephron GFR was 32.2 2.0 and 32.4
2.7 nI/mm. Nephron GFR, measured at proximal sites, in
contrast, fell from 43.1 3.4 to 37.8 3.3, the mean difference of
5.3 1.2 nI/mm being significant at P < 0.01. Juxtaglomerular
renin activity was 52.3 + 6.1 ng of AI1/0.1 ml.hr.5 glomeruli,
while a feedback-induced decrease of early proximal flow rate
during flow elevation from 0 to 45 nI/mm averaged 41.2 + 2.3%.
The autoregulation of kidney GFR and nephron GFR measured at
distal sites in control kidneys and in acutely unclipped kidneys of
Goldblatt hypertensive rats and the failure to maintain autoregula-
tion in contralateral kidneys of Goldblatt hypertensive rats suggest
that an operating feedback system and the presence of juxtaglo-
merular renin activity above a yet undefined, minimun level may be
required to adjust renal vascular resistance to changes in BP.
Autorégulation et rétro-contrôle tubulo-glomérulaire chez les rats
normaux et atteints d'hypertension. Ces experiences ont été réalisées
chez des rats contrôles et des rats atteints d'hypertension
artérielle réno-vasculaire pour evaluer l'hypothèse scIon laquelle
les ajustements de Ia résistance vasculaire rénale ont pour
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mCdiateur un système de rCtro-contrôle intra-rénal. Chez les
rats tCmoins une modification de Ia pression artérielle moyenne
de 133 2 (5EM) mm Hg a 117 I mm Hg est associée
a un debit de filtration glomerulaire du rein (GFR) qui
reste constant (1,00 0,08 vs. 0,95 + 0,04 ml/min.g de poids de
rein) et a un debit de filtration glomérulaire par néphron, mesure
dans Ic tube distal, inchange(28,0 2,0 vs. 29,1 2,5 nI/mm). Les
debits de filtration glomCrulaire des néphrons mesurés dans Ic tube
proximal diminuent significativement de 39,4 + 3,3 a 32,9 3,2cc
qui suggère que les ajustements de l'autorégulation exigent Ic main-
tien du debit distal. Chez les rats atteints d'hypertension réno-
vasculaire Ic GFR du rein controlatéral, non clampé, baisse de 0,99
0,06 a 0,57 + 0,05 et 0,34 + 0,06 (ml/min.g) quand Ia pression
artCrielle est rCduite par Ic clamp aortique de 194 2 a 149 + 2 et
127 2mm Hg. Le debit de filtration des néphrons déterminé dans
Ic tube proximal (nI/mm) diminue de 57,2 + 3,1 a 40,0 1,7 et a
28,3 + 1,8 alors que Ic debit mesuré dans Ic tube distal diminue de
53,0 + 3,6 a 40,3 + 2,4 et a 27,4 1,9. Le rCtro-contrôle tubulo-
glomérulaire est considérablement atténuC: Ic debit proximal di-
minue seulement de 9,6 2,9% quand Ic debit de microperfusion
de l'anse de Herle est augmenté de 0 a 45 nI/mm. L'activitC rénine
juxta-glomerulaire est réduite de facon importante avec une
moyenne de 2,9 0,9 ng angiotensine-11/0,l ml heure.5 glomér-
ules. Immédiatement aprCs l'ablation du clamp l'autoregula-
tion a été étudiée dans Ic rein antérieurement clampé a une
pression artérielle moyenne de 158 + 6 mm Hg et après une
reduction de Ia pression a 114 2 mm Hg par clampage aortique.
Le debit de filtration glomérulaire moyen est alors en moyenne de
1,18 0,30 et 1,06 + 0,40 ml/min.g alors que le debit distal par
néphron est de 32,2 2,0 et 32,4 2,7 nI/mm. Le debit proximal
par nCphron, au contraire, diminue de 43,1 3,4 a 37,8 + 3,3, Ia
difference moyenne de 5,3 + 1,2 nI/mm est signilicative a P < 0,01.
L'activité rénine juxtaglomerulaire est de 52,3 6,1 ng A-
11/0,1 ml.heure.5 glomerules, alors que Ia diminution du debit
proximal due au rétro-contrôle au cours de l'augmentation de 0 a
45 nI/mm du debit est en moyenne de 41,2 2,3%.
L'autorCgulation du debit de filtration du rein entier Ct du debit de
filtration mesuré dans Ic néphron distal dans les reins contrôles et
dans les reins de rats hypertendus, scIon Ic modèle de Goldblatt,
immédiatement après Ic declampage, ainsi que l'absence
d'autorégulation dans le rein controlatCral du modCle de Gold-
blatt, suggerent qu'un système de rétro-controle et Ia presence
d'activité rénine juxta-glomérulaire, a un niveau minimal encore
que non déterminé, sont nécessaires pour ajuster Ia résistance
vasculaire rénale aux changements de Ia pression artérielle.
A number of recent studies have established that
nephron filtration rate is integrated into a negative
feedback circuit constructed to maintain distal salt
delivery at a constant level [1—3]. Thus, when the
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forces determining filtrate formation are altered, cor-
rections of arteriolar resistance are predicted to be
initiated, preventing major changes of glomerular fil-
tration rate (GFR). Consequently, it has been pro-
posed that tubuloglomerular feedback is responsible
for constancy of glomerular blood flow and glomeru-
lar filtration rate during changes of arterial blood
pressure [4, 5], a situation where, initially, changes of
the filtering forces, in particular of glomerular hydro-
static pressure, are to be anticipated.
Experimental evidence causally interrelating the
phenomena of autoregulation and tubuloglomerular
feedback is equivocal. Navar et al [5] observed that
autoregulation of nephron filtration rate in the dog
could be demonstrated when fluid collections were
made at a distal puncture site. In contrast, when
collections were performed at a proximal site, where
due to complete withdrawal of fluid the feedback
loop is interrupted, autoregulation of nephron filtra-
tion rate was not found. These results provided the
first experimental support for the thesis that tubulo-
glomerular feedback plays a role in the autoregu-
latory process. On the other hand, Knox et al [6]
reported perfect autoregulation of nephron filtration
rate independent of collection sites in both rats and
dogs, as did Maddox, Troy, and Brenner [7] in uni-
nephrectomized, plasma-loaded rats. These authors
concluded that an intact tubuloglomerular feedback
system is not a necessary prerequisite for vascular
adjustments to occur during acute pressure changes.
In view of these discrepancies, we have reexamined
the possible participation of tubuloglomerular feed-
back in mediating autoregulation of GFR in normo-
tensive rats as well as in rats with renovascular hyper-
tension. Our results indicate that distally, but not
proximally, determined nephron filtration rates are
independent of changes in blood pressure in kidneys
which display autoregulation of kidney filtration rate.
In the contralateral kidney of two-kidney Goldblatt
hypertensive rats, lack of autoregulation of kidney
and nephron GFR is paralleled by a greatly reduced
potency of feedback regulation of GFR. From these
results, we conclude that tubuloglomerular feedback
appears to be at least one factor responsible for
maintenance of GFR during acute changes of arterial
blood pressure.
Methods
Animals used in this study were male Sprague-
Dawley rats, weighing between 225 to 290 g at the
time of the experiment. All rats were maintained on a
standard European rat chow, containing 0.1 mEq of
sodium/g of chow, and ad lib tap water. Animals
were anesthetized by an i.p. injection of either mactin
(5- aethyl-5 -1- methyl-propyl-2-thio-barbiturate so-
dium, Promonta, Hamburg, W. Germany; 110
mg/kg of body wt) or pentobarbital sodium (nem-
butal sodium, I-ethyl, 2-I methylbutyl barbiturate
sodium; 50 mg/kg). In the pentobarbital—anes-
thetized rats, small additional i.v. doses were given
as necessary. The experimental preparation of the
animals was initiated with placement of a tracheal
cannula, insertion of small polyethylene catheters
into the right jugular vein for infusions, and insertion
of an arterial catheter into the left femoral artery with
the tip of the catheter remaining below the renal
arteries. The left kidney was then isolated through a
left flank incision, placed in a lucite cup, and super-
fused with warm mineral oil (37°C). The ureter was
cannulated and a small adjustable clamp placed
around the aorta between the renal arteries. Signifi-
cant blood loss or rupture of the thoracic duct was
usually not a problem when placing the aortic clamp,
but when detected, precluded continuing the experi-
ment. Body temperature was maintained by con-
stantly monitoring rectal temperature and adjusting a
thermostatically controlled micropuncture table sur-
face. Blood pressure was continuously measured via a
transducer (Statham Instruments, Inc., Hato Rey,
Puerto Rico), a pre-amplifier (Hellige Programm
19, F. Hellige GmbH, Freiburg, W. Germany),
and a compensated servo recorder (Metrawatt,
W. Germany). Animals were infused at a rate of
20tl/min (1.2 ml/hr) with saline containing 3H-in-
ulin, 180 to 200Ci/ml. After giving a priming dose
of 1 ml, the infusion was initiated, and at least 20 mm
were allowed for the animal to reach a steady state.
The appropriate protocol was begun with an initial
100 to 200l of arterial blood sample from the fem-
oral catheter; subsequent blood samples were ob-
tained every 45 mm during each protocol. Urine was
collected quantitatively in preweighed polyethylene
containers, the container weighed, and the rate of
urine flow determined from the volume and collec-
tion time.
All tubular fluid samples were quantitatively col-
lected for at least two minutes. Adequate oil blocks of
at least four to five tubular diameters in length were
injected to ensure absence of back flux of fluid from
downstream segments. In nearly every collection, the
flow of fluid into the collection pipette was spontane-
ous, with no aspiration. Distal collections were made
with pipettes of 7 to 8t tip diameter, while those for
proximal collections were 9 to lOft. If possible, each
re-collection was obtained slightly more proximally
to ensure absence of leaks and, thus, complete
collections of tubular fluid. Any movement of the oil
block away from the tip of a collection or a re-
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collection pipette resulted in disqualification of that
sample or that nephron-collection series. The vol-
umes were measured in a calibrated constant-bore
capillary. Tubular fluid was quantitatively ejected,
after volume determination, into a counting vial con-
taining 1.5 ml of distilled water; 5 ml of Aquasol
(New England Nuclear, Boston, MA) was added; the
scintillation vial was thoroughly mixed; and the
sample was counted in a liquid scintillation counter
(Packard Tri-Carb). Plasma aliquots, after centrifu-
gation of the blood samples, and urine aliquots were
identically prepared and simultaneously counted.
Samples were counted for 50 to 100 mm, each achiev-
ing total counts of 5,000 or more. The activity of all
samples was at least two times background. In some
control animals, the inulin concentration of blood
and urine samples was measured by the method of
Fuhr, Kaczmarczyk, and Kruttgen [8]. Previous re-
sults from this laboratory have revealed good correla-
tion of microchemical and radioisotope clearance
techniques (unpublished data).
Inulin concentration in plasma was corrected for
plasma water content of 94%. Nephron GFR was
computed by multiplying tubular flow rate and tubu-
lar fluid/plasma (TF/P) inulin ratios. Kidney GFR
was similarly computed by using the urine flow rate
and the corresponding urine/plasma inulin ratios.
Juxtaglomerular renin activity (JG-RA) was as-
sessed at the end of the micropuncture protocol. The
kidneys were quickly injected with microfil (Canton
Biomedical Products, Inc., Swarthmore, PA) through
the femoral catheter, extirpated, and snap-frozen in
liquid nitrogen. Renin activity was determined by the
method previously described by Dahlheim, Granger,
and Thurau [9]. The amount of angiotensin II gener-
ated was measured as equivalent pressor doses of
angiotensin II amide (Hypertensin, CIBA) in a rat
bioassay.
All data are presented in the text, tables, and fig-
ures as the means SEM. Student's t test for paired
and unpaired data was applied as outlined by Snede-
cor [10]. When applicable, only paired significance
testing is presented. Multivariant analysis was ac-
complished with a general linear models-procedure
regression program and a computer (I.B.M., model
360).
Control rats. The control rats were normal animals,
obtained from our usual local supply house. Experi-
ments were done only when initial blood pressures
were in the 130 to 140 mm Hg range. The incidence of
occurrence of constant spontaneous blood pressure
in this high range of normal was about 5 to 10%. This
restricted these studies to a relatively small number of
successful experiments. On the other hand, a large
enough pressure step could be produced in these rats
without further interventions such as carotid clamp-
ing or vagotomy.
The micropuncture protocol used in these animals
was as follows: A pipette with a tip diameter of 5u
was filled with a 5% solution of FD and C green
(Keystone Aniline and Chemical Co., Chicago, IL) in
artifical tubular fluid and was inserted into a random
proximal tubule. This pipette remained in place
throughout the experiment. A manometer was at-
tached to the proximal pipette, enabling us to contin-
uously visually monitor intratubular pressure and to
maintain free-flow pressure during the collections. By
carefully controlling the counter pressure, significant
fluid uptake into this pipette was avoided. To detect
possible leakage around the pressure pipette, small
injections were made repeatedly. Appearance of
green coloration on the surface disqualified that
nephron. The highest single nephron glomerular fil-
tration rates (SNGFR) were measured in the last of
four collections, confirming absence of significant
leakage induced by the pressure pipette (see Table 1).
By slowly injecting approximately 10 nI of the stained
solution, an early distal segment was identified, and a
quantitative tubular fluid collection was obtained at
control blood pressure. The blood pressure was then
reduced by aortic clamping, and a repeat collection
was made in the same early distal segment at a
slightly more proximal site. Subsequently, with the
blood pressure still reduced, the end-proximal seg-
ment of the same tubule was punctured and the fluid
quantitatively collected. The blood pressure was then
released to the control level, and a re-collection at
the proximal puncture site was performed. In some
experiments, proximal re-collections were made at
control and clamped blood pressure with no corre-
sponding distal collections from that nephron. In all
experiments, simultaneous urine collections were ob-
tained at each pressure step to confirm the presence
of autoregulation of kidney GFR.
Right renal artery stenosis. A second series of ex-
periments was carried out in two-kidney Goldblatt
hypertensive rats, obtained by constricting the right
renal artery with a silver clip of 0.2-mm throat open-
ing three to four weeks prior to study, as described
by Lowitz, Stumpe, and Ochwadt [11]. Using the
contralateral left kidney of these animals allowed us
to examine the effect of larger changes in blood pres-
sure in a renin-depleted kidney.
Three types of micropuncture experiments were
accomplished. 1) Late proximal and distal segments
were identified by a maximum of two i.v. injections of
0.05 ml of a 10% solution of FD and C green. At the
initial blood pressure, these segments were punctured
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Table 1. Control rat single nephron glomerular filtration rates (SNGFR) and tubular fluid/plasma inulin ratios (TF/P) for four micro-
puncture re-collections from the same tubules
Exp. no.
Body
wt
g
129to
D1b
137BP
TF/P
ll3to 1
D2b
208P
TF/P
ll3to
p,
I2OBP
TF/P
l29to I37BP Highvs. lowBP"
p2b TF/P D, — D2 P2 — F,
1 260 21.4 5.62 18.6 5.38 21.0 1.42 33.4 1.61 2.80 12.4
2
3
260
239
27.1
26.4
36.3
34.6
20.4
8.98
5.28
4,27
4.87
4.59
22.3
33,1
35.7
35.1
6.36
4,27
6.75
5.36
31.1
23.9
43.6
40.6
3.48
2.03
1.19
2.82
32.6
30.2
54.4
45.6
3.16
1.90
1.24
2.54
4.10
3.2
—1.1
—14.7
1.5
6.3
10.8
5.0
4 230 31.6 4.75 30.2 4.62 37.7 2.36 42.9 2.59 1.4 5.2
5 235 26.5 5.08 28.8 4.99 32.2 1.85 36.9 1.66 —2.3 4.7
Mean 245 28.0 5.43 29.1 5.39 32.9 2.16 39.4 2.10 —0.94 6.6
SEM 6 2.0 0.53 2.5 0.34 3.2 0.30 3.3 0.26 2.5 1.4
N
Paired P
6 8 8 7
L___
7
 0,005
 0.005
7
—__.J
7 7 7 7
NSd
7
 0.01
Distal (D1) and proximal (P2) measurements were obtained at spontaneous blood pressure (BP); (mean, 133 mm Hg) with intervening
measurements of distal (D2) and proximal (F1) at clamped blood pressure (mean, 117 mm Hg). Re-collection data for a group of proximal
tubules from the same group of rats acquired in the reverse BP sequence are noted in the text.
b SNGFR, ni/mm, is denoted by D1 (distal) and P2 (proximal) measurements at spontaneous BP; and D2 and P, at clamped HP.
"Individual differences between high and low blood pressure recollections for distal tubules (D1 — D2) and proximal tubules (P2 — P,).
'1P > 0.10.
and the tubular fluid quantitatively collected. Blood
pressure was then reduced, and re-collections were
made at the same puncture sites. In some animals, a
third pressure step was established and re-collections
made before releasing the clamp to recontrol blood
pressure levels. With the sequence being randomly
varied, re-collections were thus obtained at four
ranges of blood pressure: 180 to 200 mm Hg, 140 to
150 mm Hg, 120 to 130 mm Hg, and recontrol blood
pressure. Recontrol pressures were, in general,
slightly lower than the initial control values.
2) To assess the proximal—distal nephron GFR
difference in the same nephron at a given blood pres-
sure, early distal and late proximal segments were
identified by injecting FD and C green through a 5-ft
pipette into a random proximal segment, as described
for the control animals. Tubular fluid was collected at
the early distal puncture site, immediately followed
by a collection in the previously identified end-prox-
imal segment of the same tubule. The perfusion pres-
sure was then changed in a random sequence, and the
same procedure of identification and of distal and
proximal collection was repeated in a different tu-
bule.
3) Further information on the characteristics of
tubuloglomerular feedback was obtained by chang-
ing the rate of orthograde perfusion through the 1oop
of Henle, using previously described microperfusion
techniques [2, 3]. This protocol was applied to ani-
mals after two to three weeks or four to five weeks of
renal artery constriction. All perfusion studies were
accomplished at spontaneous blood pressure. Early
proximal tubular fluid of a given nephron was col-
lected at loop flow rates of 0, 15, 30, and 45 nI/mm,
varied in a random sequence. Early proximal flow
rate served as an index of nephron GFR, an assump-
tion documented previously to be valid [1, 3]. The
perfusion fluid contained 136 m sodium chloride, 4
m sodium bicarbonate, 4 m potassium chloride, 2
m calcium chloride, 7.5 m urea, and 0.01 mg/mI
FD and C green.
Left renal artery stenosis. In these rats, renovascu-
lar hypertension was produced by placing the clip
around the left renal artery. Animals were studied
three to four weeks after clipping and were com-
parable in weight and initial blood pressure to the
earlier group. In a first series of experiments, an
infusion of 3H-inulin was started, and 15 mm later the
clip was removed from the left renal artery. Ten
minutes after removing the clip, a single i.v. bolus of
FD and C green identified late proximal and early
distal tubular segments, and quantitative collections
were made at control pressure. Re-collections at the
same puncture sites were performed after reduction
of arterial pressure by aortic clamping. The sequence
of pressure changes was randomized. In addition, the
magnitude of the feedback response was determined
in these acutely unclipped kidneys. Ten minutes after
removal of the clip, the microperfusion protocol de-
scribed earlier was applied using the same varia-
tion of the loop of Henle flow rate (0, 15, 30, and
45 nI/mm). The early proximal flow rate was again
determined as an index of nephron GFR. The effect
of loop perfusion rate was also studied in some of
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the same kidneys before the renal arterial clip was
removed.
Results
Control rats. An initial series of experiments in
control animals allowed us to examine the effect of
changes of blood pressure on kidney GFR at
clamped blood pressures and at control blood pres-
sures varied in random sequence. Figure 1 demon-
strates that kidney GFR did not change significantly
in the blood pressure range above 110 mm Hg. There
were no perceptible differences between mean control
values or efficiency of autoregulatory adjustments of
GFR between the two anesthetic agents, and for this
reason, the data presented are pooled. Multivariant
computer analysis failed to demonstrate significant
changes in GFR with changes in blood pressure
above 110 mm Hg. Although the experiments were
not designed to establish the level of the failure of
GFR autoregulation, the curve suggests that GFR
decreases below 110 mm Hg. Subsequent to demon-
strating a valid GFR-autoregulating model, the
micropuncture data shown in Table I were acquired.
Whole kidney GFR data from the micropunctured
animals are included in Figure 1, although the experi-
mental protocol did not allow random blood pressure
(BP) changes in those experiments. When blood pres-
sure was clamped from a mean of 133 2 mm Hg to
a mean of 117 1 mm Hg, distal SNGFR remained
unchanged with mean values of 28.0 2.0 and 29.1
2.5 nI/mm, respectively. Proximal re-collections of
the same tubules at identical low and high blood
pressure levels gave SNGFRs of 32.9 3.2 and 39.4
3.3 nI/mm, respectively, the sequence of the pres-
sure change being from low to high values. Paired
analysis of the proximal re-collections in this group
resulted in a significant mean difference of 6.6 1.4
nI/mm (P < 0.01). In another group of proximal re-
collections (N 7), obtained in the reverse blood
pressure change sequence in four of the same control
rats, the SNGFR at the low blood pressure level was
36.0 2.6 nI/mm, while the high blood pressure
mean was 42.0 3.3, values not different from the
earlier proximal group (all P > 0.10). Again, paired
analysis revealed a significant mean difference of 6.0
1.7 nI/mm (P < 0.02). Paired comparisons of
distal vs. proximal SNGFR at control blood pressure
revealed a significant difference of 12,6 2.9 nl/min
(P < 0.005). At low blood pressure, paired values for
proximal and distal SNGFR were different, 4.7 1.1
nI/mm (P < 0.005). The magnitude of the proximal
distal difference was significantly less at lower BP
than at higher BP (P < 0.05). While the distal TF/P
inulin did not change significantly, there was a signifi-
800
0 100 110 120 130 140
Blood pressure, mm Hg
Fig. 1. Relationship between kidney GFR and blood pressure in 11 of
the control animals (mean value SEM). N is the number of clear-
ance periods in that blood pressure range. A significant change of
kidney GFR in the blood pressure range above 110 mm Hg was
not detectable with either the i test for group or paired data or with
multivariant computer techniques (P's all > 0.10 except * = P <
0.01).
cant change of proximal TF/P inulin ratio, 2.31
0.17 (low BP) vs. 2.08 + 0.14 (high BP), when all
paired collections were considered (P < 0.025). Aver-
age rat body wt was 245 g, and the mean weight of the
left kidney for the same group was not different from
1.00 g (1.00 + 0.04).
Right renal artery slenosis. Three to four weeks
after placement of the right renal artery clips, most
rats had developed hypertension with initial blood
pressure during anesthesia of 180 to 200 mm Hg. In
contrast to control rats, GFR of the contralateral,
untouched kidney was not autoregulated when blood
pressure was varied in a random sequence (Fig. 2).
Significant changes in GFR occurred at each step
change in blood pressure, the fall in GFR being
1050
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E
x
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Fig. 2. Relationship between kidney GFR and blood pressure in the
contralateral kidney of the two kidney Goldblatt hypertensive rats
(mean value 5EM). Thedata shown are from ten animals. Kidney
GFR changed significantly with each step decrement or increment
in blood pressure (* = P < 0.05).
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Table 2. The effect of changes in blood pressure (EP, mm Hg) on single nephron glomerular filtration rate (SNGFR) and tubular fiuid/
plasma inulin ratio (TF/P) measured at proximal puncture sites in the contralateral kidney of right renal artery stenosis rats
Exp.
Kidney
wt
Body
wt
l8Oto2OOBP l4Otol6OBP l2Otol3OBP 180to2OOBP
SNGFR SNGFR SNGFR SNGFR
no. g g ni/mm TF/P ni/mm TF/P ni/mm TF/P ni/mm IF/P
1 1.313 247 28.3
45.2
51.0
2.10
1.99
1.59
18.1
26.0
30.2
4.19
2.10
1.77
2
3
1.443
1.343
242
263
66.8
62.1
61.0
2.23
2.21
2.09
55.6
42.8
25.1
39.3
39.1
1.87
1.81
2.37
2.79
2.36
30.7
25.1
48.1
12.5
36.0
30.1
1.50
1.85
2.04
1.03
2.65
2.34
59.1
61.2
79,0
1.84
1.86
2.08
4 1.491 288 71.1
58.4
59.2
51.5
60.0
84.4
2.20
2.72
2.48
2,08
2.21
2.14
50.7
37.6
36.7
43.3
38.2
43.6
2.40
2.79
3.19
3.41
2.76
2.62
37.4
31.2
29.0
23.1
31.5
33.0
3.50
3.44
4.90
5.08
4.16
4.36
63.8
50.4
52.4
55.7
66.5
2.19
1.55
2.33
2.18
2.01
5 1.382 248 45.0
34.8
51.3
1.92
1.92
1,59
38.8
28.3
35.8
1.90
2.31
1.76
15.4
19.8
20.6
2.45
1.79
1.78
6 1.251 258 48.3
58.4
45.6
1.86
2.41
2.16
38.4
44.4
38.0
2.60
3.01
1.80
31.3
30.8
33.1
2.43
2.81
1.67
Mean 1.370 257 57.2a 2.15 40.0 2,37 28,3 2,75 61.OS 2.01
SEM 0.035 6.8 3.1 0.07 1.7 0.12 1.8 0.26 3.2 0.09
N
Paired P
6 6 15
 0.001
0
 0.001
21
I
 0.00
8
1 .__J
Initial high blood pressure proximal SNGFR's are insignificantly different from paired re-control values (P > 0,10).
nearly linear with an approximate 50% decrease in
GFR when blood pressure changed from 195 to 150
mm Hg. It should be noted that at a comparable
pressure, FR per gram of kidney tissue was clearly
lower compared to control kidneys.
In a group of six of the same animals, whose data
are included in Fig. 2, re-collection micropuncture
experiments were performed in the kidneys contra-
lateral to the clipped side. Results of proximal re-
collections are shown in Table 2. The change in prox-
imal SNGFR was insignificant from the control pe-
riod B? of 194 2 mm Hg to the recontrol blood
pressure of 188 2 mm Hg. When blood pressure
was reduced to 140—160 (149 2) mm Hg by aortic
clamping, proximal SNGFR fell to 40.0 1.7. Fur-
thermore, a decrease to 28.3 1.8 nI/mm was ob-
served when blood pressure was reduced to 120—130
(127 2) mm Hg. Paired statistical analysis revealed
the changes in SNGFR at each blood pressure step
change to be significant (all P < 0.001). Similarly,
IF/P ratios changed significantly when B? was re-
duced from control levels to either 140—160 mm Hg
or 120—130 mm Hg (both P  0.025). Although aver-
age rat body wt was only slightly higher, the weight of
the kidneys contralateral to the stenosis was sub-
stantially greater than the left kidney weight of the
control animals 1.37 0.04 vs. 1.00 g. The mean
weight of the stenotic kidneys was 1.02 0.04 g.
Table 3 shows SNGFR's and paired statistics from
distal re-collections from different tubules than the
proximal group in the same six animals. Again, the
change (P  0.01) in distal SNGFR, indicating ab-
sent autoregulation, even when SNGFR was deter-
step change in blood pressure resulted in a significant
change (P < 0.01) in distal SNGFR, indicating ab-
sent autoregulation, even when SN-GFR was deter-
mined at a distal puncture site. Comparison of TF/P
inulin ratio changes shows a tendency to rise with
falling GFR, which achieved statistical significance
between every blood pressure step change (all P <
0.01).
The apparent absence of a proximal-distal nephron
GFR difference was reexamined in another series of
experiments in which distal and proximal SNGFR's
were measured in the same nephron at control blood
pressure and at a clamped blood pressure level of 140
to 160 mm Hg. The results of these five experiments
are shown in Figure 3. At control blood pressure,
mean proximal SNGFR was 44.4 2.1 vs. 39.5 2.0
nI/mm for the distal measurements. Paired statistical
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Table 3. The effect of change in blood pressure (BP, mm Hg) on SNGFR and TF/P inulin measured at distal puncture sites in the
contralateral kidney of right renal artery stenosis rats
Exp.
Kidney
wt
Body
wt
180to2OOBP l4Oto I6OBP l2Oto I30BP 180to2OOBP
SNGFR SNGFR SNGFR SNGFR
no g g ni/mm TF/P ni/mm TF/P ni/mm TF/P ni/mm TF/P
I 1.313 247 50.3
30.4
32.1
33.1
2.82
7.74
13.73
10.95
38.6
25.2
24.9
26.6
3.29
15.13
26.50
17.10
2 1.443 242 57.2
71.1
74.0
3.15
2.88
2.77
51.7
60.9
60.3
4.37
4.24
3.63
30.4
29.0
35.6
5.75
2.45
5.15
51.9
60.5
64.4
2.80
3.29
2.90
3 1.343 263 54.0
46.1
42.1
99.9
5.36
7.79
12.39
27.2
43.9
38.5
38.5
62.3
11.61
14.52
14.51
41.23
4 1.491 288 54.2
54.6
52.3
4.48
5.94
4.95
50.1
43.3
30.8
5.68
7.81
6.64
30.1
35.9
34.1
8.20
14.08
10.93
50.1
52.2
56.8
7.95
5.45
5.19
5 1.382 248 53.3
41.4
49.8
46.7
5.72
8.65
3.09
2.98
31.4
25.9
39.0
29.5
6.44
17.18
2.82
4.41
17.9
11.4
6.48
9.42
6 1.251 258 44.7
28.3
42.0
59.0
36.0
7.97
3.34
9.26
5.20
12.98
30.7
27.6
31.1
45.1
10.17
10.28
8.22
4.68
21.8
24.0
25.9
11.97
7.22
17.89
Mean 1.370 257 53.0 7.16 40.3 9.71 27.4 10.8 56.0 4.60
+ SEM 0.35 6.8 3.6 1.32 2.4 1.75 1.9 1.7 2.3 0.81
N
Paired P
6 6 19
 0.01
22
I
 0.001
15
L_._.
 0.001
6
I
Initial high blood pressure distal SNGFR's are insignificantly different from paired re-control values (P > 0.05).
analysis did prove this small difference to be signifi-
cant (P < 0.05). SNGFR in the same five rats re-
vealed no significant dependency on the collection
site at reduced blood pressure, as evident from clus-
tering of the individual data around the identity line.
At this lower blood pressure level, proximal and dis-
tal SNGFR averaged 35.5 2.4 and 33.3 1.5
nI/mm, respectively (P > 0.10).
In an attempt to define fully the characteristics of
tubuloglomerular feedback, the phenomenon was ex-
amined in a series of microperfusion experiments.
Orthograde loop of Henle perfusions in rats with
right renal artery stenosis of two to three weeks'
duration and an average initial blood pressure of 139
mm Hg are shown in Figure 4. Mean values are given
in Table 4. Small, but significant effects on early
proximal flow rate (EPFR) were seen in varying per-
fusion rate from 0 to 15, to 30, or to 45 nI/mm in a
random sequence (all P < 0.05). In a second group of
rats with right renal artery stenosis of four to five
weeks' duration and an initial blood pressure of 170
mm Hg, no effect on mean values of EPFR with
increasing perfusion rates of the loop below 45
nI/mm was noted (all P > 0.10). The magnitude of
the feedback response in the group studied at two
weeks was different from zero when all data points
were subjected to linear regression analysis (slope,
0.095 nI of EPFR/nl of perfusion rate, P < 0.05).
Identical linear regression analysis of the data from
the kidneys examined at four weeks failed to reveal a
slope different from zero (P > 0.20). The percentage
reductions of EPFR in response to the indicated
change of flow rate in the right renal artery stenosis
rats of four to five weeks' duration were 3% (0 to 15),
—5.6% (0 to 30), and —9.6% (0 to 45). Comparable
values for control animals reported in a previous
study are: —7%, —37%, and —44%, respectively, with
a 0 nI/mm perfusion rate EPFR of 26.6 1.2
nI/mm [12]. Changes in EPFR in both groups of rats
with contralateral renal artery stenosis were different
from control animals at each perfusion rate (all P <
0.05).
Since proximal-distal SNGFR differences are of
marginal magnitude in the contralateral kidneys of
rats with right renal artery stenosis, water absorption
along proximal tubules and loops of Henle can be
estimated using the data presented in Tables 2 and 3.
The rate of proximal (prox) fluid absorption (esti-
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mated from SNGFR prox [I — P/IF inulin prox]) fell
from 31 to 18 nI/mm when arterial blood pressure
was reduced from control level to 120—130 mm Hg.
Similarly, water absorption rate in the tubule seg-
ment interposed between late proximal and distal
puncture sites (estimated from [SNGFR dist. P/IF
inulin prox] — [SNGFR dist. P/IF inulin dist]) de-
creased from 17 to 7 nI/mm with the same pressure
reduction, While the amount of retrieved water fell as
a consequence of the markedly reduced SNGFR,
fractional water absorption increased from 53.5 to
63.7% in the proximal tubule and from 67 to 76%
along the loop of Henle.
Left renal artery stenosis. To delineate the filtration
rate autoregulatory capacity of the renin—rich kidney
in the two-kidney Goldblatt model, we examined the
left, stenotic kidney after acutely removing the clip.
Initial blood pressures were in the range of 170 to 180
mm Hg, but began to fall within the first hour after
relieving the stenosis. Micropuncture was more diffi-
cult in these animals because the prior surgical inter-
vention to place the clip created capsular granulation
tissue that compromised both visibility and the ease
of penetrating the kidney surface with micropipettes.
Blood pressure changes were limited to a single step
change since the tendency of blood pressure to fall
with time prevented acquisition of control and re-
control data with an intervening period of clamping.
The animals were randomly distributed as to whether
the BP change sequence was upward or downward.
Kidney GFR remained unchanged with values of
1.25 0.16 mI/mm at a control blood pressure of 140
to 160 (mean, 158 6) mm Hg, and 1.13 0.23
mI/mm at a clamped blood pressure of 110 to 120
(mean, 114 2) mm Hg (N = 6 animals), values
insignificantly different from each other when tested
by paired analysis (all P > 0.10).
Table 5 shows proximal and distal re-collection
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Fig. 3. Comparison between single nephron glomerularfilt ration rate
(SNGFR) measured at proximal or distal puncture sites of tubules at
control (to the left) and clamped (to the right) blood pressure for the
contralateral kidney of six Goldblatt hypertensive rats.
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Fig. 4. Changes in early proximal flow rate (EPFR) with changes in perfusion rate in the
contralateral kidney of Goltblatt hypertensive rats. Studies were accomplished at two to three
weeks (to the left, N = 6 animals), and at four to five weeks (to the right, N = 6 animals), after
placement of the contralateral renal artery clip. Solid lines connect values from individual
nephrons. The open symbols connected with broken lines represent mean value SEM.
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Table 4. The effect of change in perfusion rate on early proximal flow rate (EPFR) in renovascular hypertensive rats
No. of
tubules
examined
Perfusion rate, ni/mm
Decrease in EPFR as
perfusion rate changes
from 0 to 45 nI/mm
%0 15 30 45
Contralateral (2—3 weeks) 16 23.9 1.5 22.2 1.7" 19.7 + 1.4" 20.5 + 1.3" 15.0 + 4.9
Contralateral (4—5 weeks) 15 32.4 2.7 33.3 2.8 30.6 + 2.5 29.4 + 27b 9.6 + 2.9
Unclipped 12 38.0 + 3.4' 33.7 4.1 23.7 3.2" 22.2 + 2.1" 41.2 + 2.3
Clipped 10 19.6 22d 13.8 2.9" 8.6 1.0" 8.2 + 1.3" 60.0 + 37C
All values represent the mean + SEM. N = 6 rats in each group.
P  0.05, paired comparison to EPFR at zero perfusion rate.
P  0.05, paired % differences of EPFR at 45 nI/mm perfusion rate to zero perfusion rate.
d p  0.05, mean value significantly different from control animals' 0 nI/mm perfusion rate value of 26.6 + 1.2 nI/mm [121.
micropuncture data from the acutely unclipped kid-
neys of rats with left renal artery stenosis. While at
high blood pressure, proximal SNGFR averaged 43.1
3.4 nI/mm and fell significantly to a mean of 37.8
+ 3.3 nI/rn in with the 40 mm Hg BP decrement (P <
0.001). TF/P inulin ratios were not significantly dif-
ferent from each other (P > 0.10). SNGFR deter-
mined at distal puncture sites remained unchanged
with a mean of 32.2 + 2.0 nI/mm at high blood
pressure and 32.4 2.7 nI/mm at reduced pressure.
Although mean distal IF/P inulin ratios (5.04 0.40
vs. 6.35 0.98) appeared to be increased with the fall
in BP, paired analysis failed to reveal a significant
change (P > 0.10). Therefore, with the decrease in
blood pressure, proximal SNGFR fell significantly,
whereas SNGFR measured distally did not change.
As shown in Table 5, proximal-distal SNGFR differ-
ences were significant at high BP (P < 0.025), but
insignificant at low BP.
Using the microperfusion technique, tubuloglo-
merular feedback was examined in the ipsilateral
Goldblatt kidney after acute removal of the clip as
well as with the clip remaining in place. Results from
individual nephrons are shown in Fig. 5, while the
mean values of EPFR for each level of perfusion rate
are included in Table 4. In acutely unclipped kidneys,
EPFR fell from 38.0 3.4 to 22.2 2,1 nI/mm when
perfusion rate was raised from 0 to 45 nI/mm, which
represents a mean decrease of4l.2 2.3%. This value
is not different from that noted earlier for control
animals (P > 0.10) [12]. Linear regression analysis of
the individual feedback responses of kidneys was
highly significant with slopes of —0.27 nI of EPFR/nl
of perfusion rate and —0.38 nI of EPFR/nl of per-
fusion rate for the unclipped and clipped kidneys,
respectively (both P < 0.01). Although the absolute
values for EPFR are significantly lower in the kidneys
in which the clip remained in place, the overall per-
centage change of 60.0 3.7% was greater than for
the unclipped animals and the controls (both P <
0.05).
Juxtaglomerular renin activity (JG-RA) was deter-
mined in a number of animals from each group used
in the above experiments. Table 6 shows the results
for JG-RA assays of dissected superficial glomeruli.
The left and right kidneys of control rats had JG-RA
values that were not different from each other. JG-
RA in the clipped kidney of the right renal artery
stenosis group was significantly greater than the
contralateral micropunctured kidney (P < 0.001),
and the left renal artery stenosis animals showed
the expected reversal of high and low JG-RA com-
pared to the right-sided stenosis group. Glomeruli
from the acutely unclipped kidney demonstrated a
significantly lower JG-RA than those obtained from
kidneys in which the clip was left in place, i.e., the
right kidney of the right artery stenosis group
(P < 0.05).
Discussion
A great number of studies, mostly performed in the
dog, have demonstrated the remarkable capability of
the renal vasculature to adjust its resistance to flow
when arterial pressure varies over a wide range. As a
consequence, blood flow and glomerular filtration
rate remain relatively constant during such pressure
changes, an observation generally referred to as auto-
regulation. In contrast to the dog, the notion ap-
peared to prevail that normally hydropenic rats do
not exhibit autoregulatory responses of renal blood
flow or glomerular filtration rate to changes of blood
pressure [7, 13, 14]. Conger and Burke [13] reported
evidence to suggest that the weak autoregulatory ca-
pacity in rats may be due to the use of the thiobar-
biturate Inactin. Autoregulation of renal blood flow
in animals anesthetized with this particular com-
pound was less efficient than in pentobarbital (Nem-
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butal) or amobarbital (Amytal) anesthetized animals.
On the other hand, the development of miniaturized
electromagnetic flowmeters enabled Arendshorst,
Finn, and Gottschalk to study autoregulatory adjust-
ments more directly [15]. They were able to docu-
ment perfect autoregulation of renal blood flow when
pressure was altered in hydropenic rats. Further-
more, in an additional study, they did not confirm the
importance of the anesthetic agent employed in auto-
regulation studies [16]. These results, and our own
observations of a constant GFR in the narrow range
of blood pressures examined, clearly indicate that
normal, nonhydrated rats display autoregulatory be-
havior, independent of anesthetic agent, similar to
that of dogs. The only difference appears to be that
the lower limit of autoregulation in rat kidneys is
located at a somewhat higher pressure, i.e., at 100 to
110mm Hg [14, 15].
In the present experiments, we have tested the hy-
pothesis that filtration rate autoregulation is achieved
by a tubuloglomerular feedback mechanism, which is
constructed to maintain distal delivery of fluid at a
constant level [4]. One may expect that sudden
changes of arterial pressure are initially transmitted
to the glomerular capillaries and, that as consequence
of the changed filtration forces, glomerular filtration
rate will also change. The parallel alteration of distal
fluid delivery would then lead to a resetting of vascu-
lar resistance which would restore filtration forces
and filtration rate. Autoregulation of renal blood
flow would simply be a corollary of autoregulation of
glomerular filtration rate. Since, in this hypothesis,
delivery of filtrate to the sensor site, presumably the
macula densa cells, is mandatory for autoregulatory
adjustments, GFR should vary with pressure when-
ever flow to this site is interrupted. Thus, autoregula-
tion of nephron GFR should only be demonstrable
when collections are made at a distal site where flow
to the sensor cells is left unaltered. It should be less
pronounced during proximal fluid collections where,
due to withdrawal of tubular fluid, no information is
able to reach the macula densa area, at least from the
Table 5. The effect of change in blood pressure (BP, mm Hg) on SNGFR, ni/mm, and TF/P inulin ratios measured at proximal (to the
left) and distal (to the right) puncture sites in the left kidney of rats with unclipped, left renal artery stenosis
Proximal Distal
llOtol2OBPl4Otol6OBP l4Otoi6OBP ilOtol2OBP
Kidney Body
wt wt SNGFR SNGFR P1 — SNGFR SNGFR D1 —
Exp. no. g g ni/mm TF/P ni/mm TF/P p2a ni/mm TF/P ni/mm TF/P D
I None 241 69.7 1.98 72.9 2.51 +3.2 40.7
48.8
3.91
4.52
52.0
52.0
4.37
4.64
11.3
3.2
2 None 273 71.4
62.4
58.f
67.7
2.96
2.04
2.20
1.78
56.3
57.5
42.5
60.0
1.68
2.27
1.80
2.26
—15.1
—4.9
—15.6
—7.7
45.1
36.4
5.12
3.56
41.6
42.9
5.77
4.47
—3.5
6.5
3 0,914 239 32.1
27.8
20.4
28.0
1.83
1.73
1.08
1.76
29.9
20.7
19.3
22.9
2.86
2.80
1.57
2.02
—2.2
—7.1
—1.1
—5.1
31.5
21.2
4.54
3.61
15.7
22.0
5.42
4.16
—15.8
0.8
4 1.119 245 38.0
50.6
35.4
2.64
2.04
1.52
39.4
40.2
25.9
3.07
2.10
1.71
1.4
—10.4
—9.5
31.1
33.0
35.5
5.19
5.45
4.86
23.6
34.5
29.5
4.38
5.33
4.04
—7.5
1.5
—6.0
5 1.212 277 53.2
37.5
42.1
43.0
46.5
1.41
1.46
2.79
1.38
1.91
53.2
36.7
38.6
39.0
39.1
1.74
1.67
2.76
1.41
2.20
0.1
—0.8
—3.5
—4.0
—7.4
29.0
37.0
37.8
33.1
24.8
5.76
4.25
5.33
4.04
3.49
30.8
33.1
30.8
35.7
39.6
3.49
6.12
7.83
5.66
6.00
1.8
—3.9
—7.0
3.6
14.8
6 None 274 34.0 3.26 20.6 2.57 —13.6 15.2 4.75 15.6 5.20 0.4
7 1.126 270 36.4 1.49 29.5 1.40 —6.9 32.6
22.2
7.00
4.37
44.7
18.7
21.70
4.93
12.1
—3.5
8 0.946 245 28.6
21.3
1.26
2.75
28.1
21.4
1.23
2.90
—0.5
0.1 24.7 10.90 21.1 10.80 —3.6
Mean 1.063 258 43.1 1.97 37.8 2.12 —5.3 32.2 5.04 32.4 6.35 0.3
SEM 0.057 6 3.4 0.13 3.3 0.12 1.2 2.0 0.40 2.7 0.98
Paired
5 8 21
--
21
<0.025. NSb
Differences between proximal re-collections (P1 — P2) and distal re-collections (D1 — D2) at high andbp  0.10. low blood pressure.
U-
w
animals in each group).
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luminal side. Our results are in full agreement with
this expectation. In kidneys of control rats and in the
acutely unclipped kidneys of Goldblatt hypertensive
rats, distal nephron GFR was unchanged during
acute changes of arterial blood pressure. In contrast,
proximal nephron GFR in both experimental models
changed in parallel with the pressure changes. Since
IF/P inulin ratios were only marginally altered, the
changes of nephron GFR primarily reflect an altera-
tion of tubular flow rate. As a consequence of the
pressure dependency of proximal nephron GFR, the
proximal-distal nephron GFR difference increases as
blood pressure increases. The blood pressure at
which the proximal-distal nephron GFR difference
disappears should correspond to the blood pressure
at which autoregulatory adjustments become insuf-
ficient. Extrapolation of the proximal nephron GFR-
pressure relationship to the level of distal nephron
GFR predicts a pressure of about 100 mm Hg as the
lower limit of intact autoregulation, which corre-
sponds well to the results of Arendshorst et al [15].
Results consistent with the present data have been
reported by Navar et al [5] and Burke et al [17].
Furthermore, in dogs exhibiting autoregulation of
renal blood flow and kidney GFR, these authors
noted blood pressure dependency of glomerular cap-
illary pressure as assessed by stop-flow pressure, a
situation where flow to the sensor site is interrupted
[18]. Consequently, these authors concluded that
tubuloglomerular feedback participates in mediating
autoregulation.
Discrepant results were reported by Maddox,
Troy, and Brenner [17], who examined the role of the
tubuloglomerular feedback system in autoregulation
in uninephrectomized, plasma volume-expanded rats.
Although plasma volume expansion and unilateral
nephrectomy obviate direct comparison of their
model to ours, their observation of an absent prox-
imal-distal nephron GFR difference at all blood pres-
sure levels is in agreement with our knowledge of the
characteristics of tubuloglomerular feedback. The
failure to demonstate tubuloglomerular feedback in
these animals appears to coincide with the observa-
tions of a blunted feedback response during both
acute and chronic volume expansion [19—2 1]. Despite
this probably nonresponding feedback system, how-
ever, autoregulation was demonstrated for both kid-
ney GFR and nephron GFR independent of collec-
tion site. It is conceivable that an alternative control
system of unknown nature is potentially available to
achieve some degree of filtration rate autoregulation
in situations where the feedback system is rendered
inoperative.
Knox et a! [6] have observed perfect autoregu-
latory capacity for GFR in rats in which an elevation
of blood pressure was achieved by carotid-clamping
150 15 30 45 0
Perfusion rate, ni/rn/n
Fig. 5. Change of early proximal flow rate (EPFR) with changes of perfusion rate in acutely
unclipped (to the left) and clipped (to the right) kidneys of Goldblatt hypertensive rats (N = 6
30 45
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Table 6. Juxtaglomerular renin activity in superficial glomeruli (ng of angiotensin 11/0.1 ml.hr5 glomeruli)8
and vagotomy. Re-collections were made at proximal
and distal puncture sites during the hypertensive pe-
riod and after pressure reduction by aortic clamping.
These experiments failed to demonstrate proximal-
distal nephron GFR differences at any blood pres-
sure level, and both proximal and distal SNGFR were
perfectly autoregulated. While a definite explanation
for this obvious discrepancy would require further
experimentation, it is possible that autoregulation of
proximally determined nephron GFR may be due to
a transient shift of pressure-GFR relationship in-
duced by the reflex hypertension. One might specu-
late that the increased sympathetic discharge follow-
ing carotid occlusion and vagotomy induced an
elevated vasomotor tone, which reduced the capacity
of the autoregulatory mechanism to lower flow resis-
tance when the blood pressure is experimentally re-
duced. As a consequence, the inflection point of the
blood pressure-GFR relationship may be shifted to a
higher blood pressure level. It is conceivable then,
that measurements of nephron GFR at the elevated
blood pressure level are made close to the inflection
point where proximal-distal difference would not be
detectable. The observation that reflex hypertension
in rats is only a transient phenomenon indicates that
the sympathetic discharge rate decreases with time.
This may have moved the blood pressure-GFR rela-
tionship toward its normal position at the time when
recollections were made at reduced blood pressure.
This hypothesis is supported by the observations of
several authors that autoregulation of blood flow is
not as efficient in states of increased sympathetic tone
[22, 23]. The more stable reflex hypertension ob-
served in dogs may obviate invoking the same hypo-
thetical sequence in the experiments reported by
Navar et al [5] and Burke et al [17].
Our conclusion of a causal relationship between
the autoregulatory phenomenon and tubuloglo-
merular feedback is further substantiated by the ob-
servation that contralateral kidneys of Goldblatt hy-
pertensive rats exhibited feedback control and
autoregulatory adjustments of filtration rate with
much less efficiency than we observed in the control
animals. Autoregulation, to our knowledge, has not
previously been studied in rats with renovascular hy-
pertension. Apparently, contradictory results have
been reported by Muller-Suur et al concerning the
feedback response in contralteral kidneys of Gold-
blatt hypertensive rats [24]. It appears, however, that
their conclusion of an unaltered tubuloglomerular
feedback system is not in full accord with their re-
sults. While this statement is correct when consid-
ering stop-flow pressure (SFP), their data revealed a
marked depression of the feedback response of EPFR
to changes in perfusion rate. In control rats, an in-
crease of loop flow rate from zero to 40 ni/mm was
associated with a reduction in EPFR of 45.8%, while
EPFR in contralateral kidneys of Goldblatt rats re-
sponded to an indentical increase of flow rate with a
reduction of only 24.9%. The different patterns of
feedback response of SFP on one hand and EPFR on
the other cannot be explained at present. One should
recognize, however, that parallel changes of glomeru-
lar filtration rate and glomerular capillary pressure
need not occur under all circumstances, since other
variables besides hydrostatic pressure can influence
glomerular filtration rate. A virtual absence of feed-
back control of GFR in the contralateral Goldblatt
hypertensive kidney in our experiments is independ-
ently supported by our failure to demonstrate a prox-
imal-distal difference in nephron GFR of normal
magnitude at control or reduced blood pressure.
Definition of the etiology of the abolished tubulo-
glomerular feedback and filtration rate autoregula-
tion in contralateral kidneys of Goldblatt hyperten-
sive rats would suggest conclusions regarding the
mechanisms mediating the feedback response. It is
obvious that a definite explanation for our observa-
tion cannot be given before evaluating the factors
necessary to reestablish both phenomena in these
kidneys. The fact that filtration rate autoregulation
and tubuloglomerular feedback were normal in the
acutely unclipped kidneys of Goldblatt hypertensive
rats indicates that the failure of the contralateral
kidneys to adjust filtration rate to changes in blood
pressure is probably unrelated to any peripheral or
Left kidney Right kidney P value, unpaired
Control 23.7 + 4.4 (12/5) 18.5 2.4 (14/5) NS
Right renal artery stenosis (contra!ateral)b 2.9 + 0.9 (43/9)e 79.6 9O(45/9)d 0.001
Left renal artery stenosis (unclipped)" 52.3 + 6.10 (20/4)'' 1.2 0.5 (20/4)c  0.001
a Numbers in parentheses are number of determinations/number of animals examined.
b Both kidneys of both stenosis groups were different from controls (P  0.05).
P  0.10, unpaired.
d P 0.025, unpaired.
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central nervous influences, but rather that the func-
tional alteration is caused by factors located within
the kidney. It has been suggested the tubuloglo-
merular feedback and autoregulation are mediated
by the juxtaglomerular formation of angiotensin H,
which acts as a local modulator of glomerular arteri-
olar resistance [4]. Some evidence is available to sup-
port this possibility. Thurau et al [251 have shown
that the renin activity of individual glomeruli had
increased after their distal tubules were flooded with
isotonic sodium chloride solutions. Intravenous ap-
plication of the converting enzyme and kininase in-
hibitor, SQ 20881, or of angiotensin II analogues
have been demonstrated to reduce the magnitude of
the feedback response to an elevation of loop flow
rate [26]. Third, tubuloglomerular feedback [27] as
well as autoregulation of kidney GFR (unpublished
observation) have been found to be attenuated in
animals kept on a salt-rich diet and injected with
desoxycorticosterone acetate (DOCA) for at least
three weeks, a procedure which leads to a virtually
complete depletion ofjuxtaglomerular renin [27]. It is
intriguing, therefore, to invoke the drastic reduction
in renin activity in the contralateral, non-autoregula-
tion kidney as a further argument for the concept that
the local action of the renin-angiotensin system on
the one side and the tubuloglomerular feedback and
autoregulation on the other are causally interrelated.
While data are lacking to disprove a possible role
of angiotensin in tubuloglomerular feedback, at-
tempts have been made to study the participation of
this hormone system in mediating autoregulation.
While some investigators reported an unchanged ca-
pacity for GFR or renal blood flow autoregulatory
adjustments following salt-loading [27—29], others
found autoregulation to be significantly reduced in
efficiency [4, 30, 31]. Since feedback regulation and,
thereby, autoregulatory adjustments are probably
controlled at the juxtaglomerular cell level where re-
nm is abundant, it seems likely that only during un-
physiologic degrees of depletion, renin may become
rate-limiting, thus unveiling its participation in the
basic process. Since in most of the above mentioned
studies the degree of renal renin depletion was not
established, one cannot exclude that the quantities of
renin necessary to maintain normal autoregulatory
function were indeed present in these kidneys. The
observation that interference with the vasopressor
action of angiotensin does not appear to disrupt auto-
regulation of renal hemodynamics served as an-
other argument against a role of the renin-angioten-
sin system in mediating autoregulation [32—34]. Local
generation and action of angiotensin II may simply
not be blocked, however, even though its peripheral
action is completely inhibited. This may be the reason
why such inhibitors fail to result in complete inhibi-
tion of tubuloglomerular feedback although they
consistently induced a reduction in its efficiency [26].
It is evident that the circumstantial nature of the
above arguments does not rule out the possibility of
alternative explanations for the absent filtration rate
adjustments in contralateral kidneys of Goldblatt hy-
pertensive rats. In fact, the well established inter-
action between intrarenal hormone systems makes
any monocomponential explanation questionable. It
is possible, for instance, that the elevated plasma level
of angiotensin II in Goldblatt hypertensive rats leads
to increased prostaglandin E2 production rate, which
in turn may attenuate the vasoconstrictor effect of
locally formed angiotensin [35, 36]. In keeping with
this possibility are results demonstrating an increased
release of prostaglandin-like material from both the
clamped and non-clamped kidneys following acute
renal artery constriction [37]. Furthermore, pros-
taglandins have been directly implicated in the me-
diation of autoregulation, since vascular adjustments
were impaired during indomethacin administration
[38]. This result, however, was not confirmed by
other investigators [32, 39, 40].
Finally, it is realized that the contralateral Gold-
blatt hypertensive rats are exposed chronically to the
high arterial pressure which induced marked struc-
tural changes along the renal vasculature [41]. Fail-
ure of these kidneys to adequately adjust resistance to
flow may thus reflect a transformation of muscular
vessels into passive conduits. Indeed, histologic stud-
ies done on the contralateral Goldblatt kidney have
demonstrated moderately severe local arteriolar in-
volvement with characteristic intimal changes of se-
vere hypertension. On the other hand, inferential evi-
dence from other studies [42] suggests that
qualitatively similar histologic changes (unpublished
observations) can be associated with intact autoregu-
lation of GFR and intact vasomotor activity [43].
Thus, the two models appear to behave differently
even though both suffer comparable vascular dam-
age. Vascular reorganization is dictated by the higher
resistance level during maximum vasodilatation [44].
The results obtained in the contralateral kidneys of
Goldblatt hypertensive rats deserve comment. The
contralateral kidney of the right renal artery stenosis
group is unique, as it demonstrated GFR/g com-
parable to the control or unclipped kidneys, but since
it did not autoregulate GFR, the GFR/g is similar
only at a BP of 195 mm FIg, significantly higher than
the control BP of the unclipped or control animals.
Failure of the contralateral kidney of the right renal
artery stenosis group to autoregulate filtration rate
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precludes comparisons to the autoregulating groups
when the contralateral values from less than high BP
are used. Of interest is the observation that the
SNGFR of the contralateral kidneys was appyoxi-
mately 55 nI/mm, significantly greater than the dis-
tally determined values of either the control or un-
clipped kidneys; approximately 30 ni/mm each.
Correction for the substantial size difference, 1.37 g
in contralateral vs. approximately 1 g in both of the
others, lowers the contralateral SNGFR to the 39 to
41 nI/mm range, but does not resolve the discrep-
ancy. These observations suggest that contralateral
kidneys require significantly higher blood pressures
to produce the same rate of filtration and that a
higher proportion of filtrate is formed in superficial
nephrons in these kidneys compared to control kid-
neys. This conclusion is accentuated when examining
the results noted at a pressure level of 150 mm Hg. At
this BP, contralateral and unclipped kidneys have
equal nephron filtration rates of about 30 nl/min .g
of kidney wt, while kidney GFR is significantly lower
in contralateral kidneys (0.57 vs. 1.18 ml/min.g of
kidney wt), Compared to the spontaneous BP values,
the contralateral kidney SNGFR is decreased by
27%, while the kidney GFR is 42% less than the high
BP values. Since we observed no indication of filtra-
tion heterogeneity within the superficial nephron
population, this result is consistent with redistribu-
tion of filtration towards superficial nephrons as BP
is reduced. A likely explanation would include selec-
tive nephron dropout as suggested in earlier studies in
different hypertensive models by Azar, Tobian, and
Johnson [45]. In essence, functional hypertrophy of
residual superficial cortical nephrons occurs. The ten-
dency of SNGFR to be relatively preserved in con-
tralateral kidneys would indicate that deeper nephron
GFR tends to be affected more by decreases in BP
than that of outer nephrons in the nonautoregulating
kidney. Vascular reorganization leading to increased
arteriolar resistance and greater susceptibility to pres-
sure changes may be more pronounced in deeper
nephrons whose afferent arterioles are located closer
to the large renal arteries. Our data, however, do not
allow discrimination of the mechanism(s) involved in
the relatively larger fraction of nephron function in
the superficial cortex or the accentuation of these
changes with decreases in BP in the contralateral
kidney.
In summary, our results show that in the kidneys of
control rats and in the unclipped kidneys of Gold-
blatt hypertensive rats, autoregulation of nephron
GFR can be demonstrated when collections are made
at a distal puncture site. In contrast, proximally de-
termined nephron GFR varied with blood pressure.
Since autoregulation appears to require maintained
distal fluid delivery, it is concluded that autoregu-
latory adjustments may be mediated by tubulo-
glomerular feedback. This conclusion is further sup-
ported by the observation that in contralateral
kidneys of Goldblatt hypertensive rats, absence of
autoregulation of nephron GFR is accompanied by a
severely reduced efficiency of the feedback system.
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